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E B ASSTRACT (U)

4 ~. . ) L . ) . L )
j (C) This study investigaies the efiect of array tilt on the statistics
2 of noise clutter attributed to shins. In particular, the study calculates
AR - the statistics of beam noise, signal-to-noise ratio, and detection cppor-
"y : . . _ oo - . .
2 - tunities (zero ships on the beaz) for a rigid line array of idealized o
e beams without associated sidelobes and for idealized beam noise and sig-
159
S nal mod2ls. The resulis are that:
= 3 0 The variance of be2m noise Tluctuations and the probability of
ki zerc ships on the beazm decrease with array tilt swhile the m=an
2 é beam noise level is indenendent of array tilt;
] ; 4
= 3 1] The variance of the signal-to-noise ratio fluctuztions decreases
@ with array tiit, while the mean signal-to-noise ratio is con-
s stant with array tiit; and
e 3 o  Tne probability of detection opportunities decreases with array
= tilt and the mean waiting time between detection opportunities
= = increases with erray tilt, while the ==an duration of detection
i3 s - - -

R opportunities is independent of array tilt. L

Y 9 '

. 2 (C) Consequently, the central conclusion of the study is that detection
= j, performance of a line degrades significantly as the line array tilis from
3 the horizontal plane by szall engles.
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INTRODUCTION (U)

(C) Recent expericental evidence has shown that a towed line array will
tilt with respect to tha2 norizontzl if not properly balanced for operat-
ing tow cepth. Several studies have investigated the impact of tilt on
varicus aspects of system performance. One of these, for example*, has
calculated bearing error as & function of tilt and has concluded that for
modest tilts (< 53) the pertorzance of ih. broadside and near broadside
beaws in establishing tarcet bearing is relatively insensilive to array
tiit. However, other aspects of parformance not only exhibit high sensi-
tivity to array tilt but also differ from the case of bearing error in
that degradation in performance cannot be corrected, even in principle,
from knowledge of tilt magnitude. One of these aspects is the ability of
a narrow bezm towed line array to "l100k"™ between discrete shipping noise
sources during which periods enhanced detection performance may be possible
when the noise levei approaches or achieves base noise levels.

OBSECTIVES (u)

(U} Tne objectives of this study are to determine the effects of array
ti1t on:

Beaz noise statistics,

Signal-te-noise statistics,

Duration of dotection opportunities {zero ships on the beaz), and

0 © © o

¥aiting time between detection opportunities,
using idealized arrayv, noise, and signal models.

{U) cCalculations vere performed for the FASTPAC su=mer/fall, sound speed
profile of Figure 1A. Limiting rays for deep sound channel propagation
are shoxn as a function of depth in Figure iB, where it can be seen that at
the edge of the sound channel, the energy arriving via the deep sound chan-
n2l propagation arrives at 0° {horizontal) and that at the axis of the
sound channel (700 meters), the deep sound channel energy arrives within
215%.

*Yatson, Y. H., "LASBDA Performance Analysis: Predicled Performance
,- Degradation froa Geometrical Array Distortion,” Haval Undersea
Center, 6 Jen 77
1
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ARRAY MODEL (U)

(U) The array is modelled as a linear line array that tilts as a rigid
body and forms ideal, cylindrically symmetrical beams without associated
sid21obes, as shown in Figure 2.

(U) Figure 3 depicts the geometric centers of several beams in azimuth-
elevation space for horizontal orientation of the array. Here, with the
exception of the broadside (900) and endfire {00 2nd 1800) beams, all
beam azimuths vary with elevation angle. Thus, for signal arrivals close
to horizontal, where azimuths do not vary significantly, a beam angle

(together with array heading) can give & good indication of signal source
bearing.

\U) Figure 4 shows the orientation of the Figure 3 “eam centers when the
array is tilted aft with respect ta the horizontei. Wnen the array tilts
aft, forward beazms are elevated, aft beams are deprsssed, and nea: broad-
side beams look Torward at soms elevation angles z2ad aft at others.

(V) Figure 5 shows that the near brozdside beams of Figures 3 and & can

be appror mated by linear beams in azizmuth-elevation space. Fach of tnese

bea=s ipanc an azimuth sector that is @ function of array tilt angle and
erevat:on angle approximetiely given by

Y = &+ 2a tan B,
where

Y = azizth sector,

€ = loassidih,

c = gleyation angles, and
P = arrey tilt angle

(U) Figure 6 shows the azimuth sector spanned by 2 1% near broadsice bean

as a function of array tilt angle for elevation angles of 150 3;o°, 3;5°,
and +20°.
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(U) Figure 5 shows that the near broadside beams can be approximated by

3 ] Tinear beams in azimuth-elevation space. Each Of these beams spans a
ZREY sector of azimuth that is a function of array tilt angle and elevation
38 angle. The azimuth sector is anproximately given by

- i‘ Y = § + 2c tan B

x 3 where

" { Yy = azimuth sector

6 - beamsidth

E a = elevation angles

& g = array tilt angle

l (y) Figure 6 shows the azimuth sector spanned by a 1° beam as a function
s 2 of array tilt angle for elevation angles of iSO, j-_10°, i15°, and _+_20°.
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BESM MOISE MODEL ()
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{U} Surface ships are the majer contributor tc the ambient noise back-

S i I\ s

ground at the freguercies of inferest, 3nd wiil be the only noise sources

JErtgi-r paper

e

considered in this study. EInercy from surface ships can enter the deep

sound channel by three processes:

o Injection at the edge of the sound channel,
Dewnslope conversicn, and

o

0 Half-channel conversion.

{U) Surface ship erergy can be injecied inic ihe deep sound chanmel at

the sound channel edge by ]eaLag from the surface duct. This energy

eniers the sound chamnel at 0° elevation angle; its elevation angle with-

in the deep sound channel is determined by Snell's law. Energy entsring

the deep sound channel ia this way will subsequently appear as a spike at

¢ where @ varies with range and is determined by Snell’'s law as shown

in Figure 7.

(U} when a surface ship is located over a sloping bottom, energy from

the surface ship can be bettom-refliecte¢ (with the anale of reflection i
equal tc the angle of incidence), thersby diverting energy into the deep
sound charnel. This energy will be distributed in elevation angle between
#c as shown in Figure §.

{i} 1In the nortaern portions of FASTPAC where the axis of the deep sound
channel comes to the surface, the m2jor propagation mode is half-chanuel
oropagztion. As sound energy propagaetes southward, and as thz axis of
the svund channei deepens, this half-channel energy is converted te deep :
sound channel energy distributed between +a as shown in Figure S.

{B} Vertical arrival structure data from CHURCH ANCHOR show that the
deep sound channel energy is distributed relatively uniformly within an
elevation band of approximately 1150 from the axis of the deep socund chan-

5
=
£

nel, which is consisient with both half (nannel and dowrslope conversion

;.',\ ey

il
preyonan

of energy inte the sound channel. (Hagstaff's horizontal directionality
studies suggest that most of the energy in the deep sound channel is de-

rived irom downslop2 corversion.)
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e &
et & (U) For EASTPAC conditions, the noise from the distant shipping is uni-
f;Z formly distributed between *a (limiting angles) in elevation. Yhen the
g j¥ array is located at the axis of tne sound channel, distant shipging noise
f‘ “‘2 energy will appear uniforamly between 3_150; when the array is displacad
: from the axis of the sound channel (towards the edges), distant shipping
j'; noise will be confined betwsen anglas equal to the limiting rays. -
= {
f'? ‘; (C) The beam noise depends on the number of ships on the beam. To de-
termine probability of < ships appearinc on tie beam, consider the ccean
3 ¥ a area froca which the beam receives erergy to be made up of @~ seguents,
; i each having an area AA. The density of the ships is taken as ¢ , and '
‘ 3 the probability of a ship appearing in a segzment of area AA , is equal
i 3 to pAAR. Since there are n segzents in the beam, the probability of
1 s ships appearing cn the beam is equal to
; -4
- g P(s) = ;1(',',—_5-)-, (838)° (1-pan)"S,
k- ;i the binomial distribution for s "successes™ in n independent "triais.”
§ E‘ In tne limit as £A  becomes small, the binomial distribution becomes
& ;‘ Poisson, and hence, the probability of s ships appearing on the beam is
‘; equal to
E 3 P(s) = & -(piz (e2)°
_f ; vhere the area "covered” by the ideal beam is given by
- poo- S
- 4 360° )
e 3 in which R is the "range™ of the beam and 6 1is the beamwidth.
:i ﬁ{ (C) Figure 10 shows the probability distribution of a number of ships
Y | appearing on 1°, 2°, 2%, and 8° beammidth beams for a beam “range” of
.f ;s 1955 n@m and an LASTPAC ship density ¢ ef 3 A 10’5 ships per square no.
’ - (U) Figure 11 shows a possible distribution of energy from suriace ships
; in azimutn-elevation space. The energy from eachk ship is distributed
i i uniformly in elevation between :& at discrete azimuths rcalized fron the
i Poisson distribution.
X 14
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?}" ' (U) Figures 12A and 12B show how near-broadside beams from a horizontal
.? array and a tilted erray, respectively, might sample the ship distribution
f; of Figure 11. Table A presents a tabulation of the ships seen on each
Y beam.
3 {U) For the array horizental, each ship appears on only one beam; for
e the array tilted, each ship can appear on several beams. Thus, in the _
1; case of the tilted array, enercy from each ship can be distributed over
S a number of beams.
= (U) On the average, a beam :iill receive a portion of the energy from
13 each ship given by
; E - 8 ES
2 8 + 2a tan ?
% -
= where
= E = average energy from the ship,
5 ES = energy from the ship,
3 8 = beamuidth,
‘ iit a = limiting elevation 2ngles, and
| %% B = array tilt angle
F
5 Similaerly, the number of ships expected to appear on tnc tilied beam is
£ ) s = {8 + 2% tan &) ,
e g (]
3 — where
‘A’ -
R No = exnected number of ships on a horizontal beam of
-Ff ’ width 6. -
l?; Hence, if on the average, the total energy received from each ship is the
‘}1 ’ same, the mean noise level for a beam will be the same either for the array
8 . ) i
g horizontal or tilted.

3 -
5 |
a-

(C) Figure 13 shows the cumulative probability thel the beam noise lovel
wWill exceed the levels specified as a functioa of array tilt, where 0 dB
corresponds to the mean noise level. Because of the use of discrete ships
and average radiated noise levels, the probabilities are only defined at
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discrete points. The lines connecting the points in Figure 13 are only a
guide and are not meant as an interpolation. Ffrom these curves, we observe
that the probabilities of both very quiet periods and very noisy periods
decrease with array tilt.

SIGHAL-TO-NOISE RATIO HODEL (U)

(U) The signal-to-noise ratio model emplcys the beam noise model and a
signal model consisting of a discrete source that either injects energy
at the edge of the sound charnel or is located within the sound channel.
Yhen the source injects energy at the edge of the sound channel, this
energy will appear at a single elevation angle as determined by Snell's
Law and the sound speeds at the channel edge and at the receiver. Uhen
the source is located within the sound channel, the energy will be dis-
tributed in elevation between angles a and & where

)
[}
(]
[=]
w
1
—
TN
o) O
m|-1
~——
o

& nd
1 :
T ¥ c
{ B ¢ = cos! (—CL) .
S
in which
> s
VN . = sound speed at the receiver,
. G = sound speed at the edge of the sound channel, and -
o T
~L§ i C. = sound speed at the source.
B . . - . N
X Yhnen the sound speed at the receiver is greater than or equal to the sound
;;i i speed at the source, B 1is equal to zero and the energy is distributed
e 8 between +x .

(C) when the source is within the sound channel, some loss of signal
= occurs as- the array tilts; this loss becomes small, however, as the source

approaches the edge of the sound channel. Figure 134 shows the cumulative
probability that the signal-tc-noise ratio will exceed a specific value as

4

21

_CONFIDENTIAL

e ——



. e
B g

AALAA L b

, : M
A A Y

e

.
3
X4

Afagee it

s

O Py vy

it
™

FARY 38

g

Py
&

g

e .
i V. TS RIS D SRER g T e G A RS e = | N -
P T MIp D Wil Al g T L Rt N I R s S g S ooy i o T, e a_—— o - , ”
e T G «05',‘_:,..- 41)5"§‘1u§ x -,qp_(,w?w,\,,,\u,‘_((?,-,},.:v%;‘ ‘;_ S b A ga
oe . Py _: S ;”ﬁ;: «—’:,3‘«4\3:«{%., g g St
CONFIDENTIA! ==
=5
o~
30 ] A\
® Array Horizental
- - .
v Arrav Tilted 2° ,.

20
|
!
v
l

10 [ - 0 v :\~ » l

L
4
4

i
~1

.01 .1 1 10 50 o0 99 ge.¢ ©95.99

Probability ()

o©@
=
Qe 30 ] ‘r . - T R LI Y > 3 3
K I, ' e Array Horizontal
z -‘5 : v ‘Array Tiltes 2°©
= MR e s
= | |
< I § l
“ 20 ‘ l y
: }
v G
i
N |
10 : \1'7 ;
N, !
~ mle b
e T Y
! 0
0 :
0 ] 10 50 S0 99 ©3.¢692.99
Probability (%)
Figure 14. Cumulative Probability that S/¥ is = Given Value (U)

22

CONFIDENTIAL i




»
S . ” . -
R T T e e A A Y T Qe R R Wi T S £ . -
—— Riey - Cai P gt LR S R I e TN g g e 8% § AT = % - e - T o -
& RS R P o BT e e B T L T e T TR ﬂ%,,;.,f:.niw:g‘,a‘-f;m.h.:.fwmié
o= = o

CONFIDENTIAL

b

Yl

a function of array tilt when no loss of signal is assumed and when the

. <.
s NGRSt £ 3 200 8 sobonyg a0

) sigaal-te-noise ratio of 0 dB is an arpitrary reference level. From these
3 curves it is apparent that hich signal-to-noise ratios occur less freguent- ™
! 1y as the array tilis. 4
§ {C) Conseguently, if detection opportunities occur when the signal-to- :
# noise ratio is high (cerresponding to zero ships on the beam, for example), - %
b the probability of detection opportunity occurrence decreases with array E
] &
> tilt as shown in Figure 15. i
5
5 .
£ : DETECTION OPPORTUNITY DURATION AHD RAITIKG TIME MODEL {U) §
(U) The Detection Opportunity Durati 1 and Maiting Time Model employs 2 T
Markov ;-ocess of two, and only two, states: zero ships on the beam and g
3 one or more thips on the beam. %
£
3 (C) At any time, the probability of zero ships on the beam is given by §
- -Ap 3
: P0 = e :
—‘: ':3
ol where 3
A _ Er2 (6 + Za.ctan B) . ‘i
- 360 §
A r = "range” of the beam, :
3 8 = beamwidth,
>, - - . i
7] a = 1imit ray elevation angle, 3

e P = array tilt angle, and

28

P = shipping density.

. e apr - weve
BEROTIOR," dov BTy Lo I )

The probability of one or more ships on the beam is one minus the proba-

bility of zero ships on the beam.

{C) Once there are zero ships on the beam. the system will remain in this

2 s
A1 Bt RN

\
AU
| aibaiob it shit hdmdi 00

aeoe

ctate until one or wore ships enter the heam, where the probabiiity of one

or move ships entering the beawm in a time intervai, &t , is i

23 ef
- P(st) = 1 -eFT°
= in which ‘
.o f

t

23 i
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3
M
v E
E W L. .
= B p = shipping density,
= Y r = “range” of the beam, and
gg . = average of the component of ship speeds perpendicu-
a lar to the axis of the beam.
IT w2 assums an average of the component ship speeds perpendicuiar to the
axis of the besam equal to 15 knots and, as before, a beam "range™ egual _
E to 1955 nm and a shipping density p of 3 x 1072 ships per square na,
(s . . . .- .
- 3 the average time required for one or more ships to enter the beam is equal
3 ; to 47.3 minutes, which is independent of array tiit.
%
. o
x> -y = - - -
. (C) It can be shown that the average waiting time between perieds of zero
4 - . - =z 3
= ships on the beam is equal to the average period of one or mcre ships on
&f the beam, and is given by
3 P
iu TH = TH s
2 o
g where
2 T“ = Average waiting time betwsen periods of zero ships,
- ' - e . -
£ o TH = Average pericd for zero ships,
‘% 3 P0 = Probability of zero ships on the beam, and
3 Py = Probability of ore or wore ships on the beam and
kS is equal to 1 —PO-
. (9) Figure 16 shows waiting times for a beam of 1° width as a function
3 of array tilt for limiting ray elevation angles of 37-50, i;o°, and +15°.
-3 v
=iy 53
S SIRSMARY OF RESULTS (U)
y (C) The models developed for and esployed in this studv indicate that
:& so=2 parformance measuras are independsnt of array tiit, whereas others
£ are sensitive to array tilt. Ye have shoun that the following parformance
3 ceasures are independant of array tilt:
. 33
p Z 0 Year Bear Noise level - Independent of array tili but increas-
3 ing with increasing beamvidth and shipping deasity,
’J'
s 2=
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o Hean Signal-to-Hoise Ratio - Independent of array tilt but
decreasing witn increasing beamwidth and censity, and

PEALIA LR T PR

o ¥ean Duraticn of Detection Opportunities - Independent of
array tilt and beamwidth but decreasing with increasing ship-
ping density and average ship speed.

-
g Dy tasE il (i vl
BEWALPTN KAy

(C) ¥e have also show: that the following performance measures zre sen- -
sitive to array tilt:

1] Beam lNoise Fluctuations - Variance decrease. with array tilt
and increasing bearwidth and shipping density,

0 Signal-to-Noise Ratio Fluctuations - Variance decreases with
array tilt and increasing beamwidth and shipping density,

o] Probability of Detection Opportunities {zero ships on the beam)
- Decreases with array tilt and increasing beamwidth and ship-
ping density,

c Mean ¥aiting Time Between Detection Opportunities (zero ships
on the team) - Increases with array tilt, increasing beam-
width and shipping density, and decreasing average ship speed.

(U) These trends are independent of the specific values of beamsidth,

o
s
R
e
-
.
N>

shipping density, and average ship speed used in the cosputations.

concLuysions (uv)

,,‘:.v} L 1L ‘;,:1,1

(C) Tre detection performance of a line array system degrades as the
array tilts from the horizcntal plane. An array tilt of approximately

.‘_"Q

l.S° on an array having 1% beams operating at the axis of the sound chan-
nel reduces the probability of obtaining a detection opportunity to one-

RN

half the valus for a horizontal array.

-

ik

(C) As the array tilts, the observation time required to obiain meaning-
ful estimates of beam noise and signal-to-noise ratio statistics increases.
Yhere meaningful estimates may be obtained in 10 to 20 hours on a hori-
zontal array, 50 to 100 hours are required when the array tilts 3° from
horizontal.
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